A group A rotavirus isolated from a lamb with diarrhea in Qinhai province, China, was serially passaged in fetal calf kidney cells. In passage 96, rearrangements of RNA segments 5 and 6 of the viral genome were found. Here we report the nucleotide and predicted amino acid sequences of normal and rearranged RNA 6, coding for the major inner capsid protein VP6. In comparison with the normal gene (N6), the rearranged RNA 6 (R6) contained the normal open reading frame followed by a 473-nucleotide (nt) duplication of the gene beginning 23 nt after the termination codon. The duplicated region starts at nt 768 and runs through to the 3' end of the gene. In accordance with the nucleotide sequence of the rearranged RNA 6, a normal-length VP6 product was found in cells infected with the mutant. However, a single-amino-acid change from proline to glutamine at position 309 slightly affected the electrophoretic mobility of the VP6 monomer of the R6 mutant and reduced the stability of VP6 trimers on gels and at low pH values compared with the normal gene product. The degree of relatedness ofVP6 of the Chinese lamb rotavirus Lpl4 to those of other group A rotaviruses was determined.
Rotaviruses are the major cause of acute gastroenteritis in humans and in the young of a variety of mammals (22) . Group A rotaviruses have a genome of 11 segments of doublestranded RNA which have conserved sizes of between 660 and 3400 nucleotides (9, 12) and accordingly a characteristic electrophoretic profile. However, some viral isolates have RNA profiles in which certain segments of standard size have disappeared and been replaced by larger segment-specific genes (2, 3, 11, 21, 27, 28, 40, 42) . Rotaviruses with genome rearrangements have also been generated in vitro by serial passage at high multiplicity of infection (MOI) (20) . Several of the rearranged genes have been sequenced (1, 14, 16, 25, 34) , and in most cases partial duplications have been found which were attached at the 3' end as untranslated sequences although they contained parts of the open reading frame (ORF). In one case, however, a rearrangement led to the extension of the normal ORF (20) . Initially genome rearrangements were found only in immunocompromised hosts (11, 27) , but later they were also found in immunocompetent hosts, both human (3) and animal (2, 28, 42) . It has been suggested that this mechanism of genetic change may contribute to the evolution and epidemiology of rotaviruses (8, 42a) . Therefore detailed analysis of the phenomenon of genome rearrangement in rotaviruses seems to be warranted.
Most rearrangements in rotaviruses have been observed in genes coding for the nonstructural proteins VP5, VP8, VP9, VP10, and VP11. In one case (27) rearrangements of RNA6 were identified by hybridization. Because of lack of material and failure to grow the virus, no further analysis was possible.
Here we describe the sequencing of normal and rearranged RNA segments 6 of Chinese lamb rotavirus isolates obtained before and after multiple passage in primary cell culture (35) . Genome rearrangement was accompanied by a point mutation leading to an amino acid change and altered stability of the VP6 trimer.
MATERIALS AND METHODS
Viruses and cells. A rotavirus isolate obtained from a lamb with diarrhea in Qinhai province, China, in 1981 (47) was serially passaged 10 times in newborn lambs and then in primary fetal calf kidney cells prepared according to standard procedures (33) at the Research Institute of Domestic Animals, Xinin, China. Cultures were frozen and thawed at the stage of complete cytopathic effect, and preclarified supernatant fluids were passaged undiluted without infectivity titer determinations. Cell culture passages 14, 37 , and 96, named Lpl4, Lp37, and Lp96, respectively, were referred to the Lanzhou Institute of Biological Products for further analysis. Viral suspensions were plaque purified on confluent MA104 cells (35) . All viruses described here (Lpl4, Lp37, and clones Lc40 and Lc41 of Lp96) were plaque-to-plaque purified three times before further investigation. Virus titers were determined by limiting-dilution or plaque assay and calculated as 50% tissue culture infective dose per milliliter or PFU per milliliter as described previously (17) . For the study of viral structural proteins, crude virus suspensions were purified by repeated sedimentation of virus particles through 30% sucrose cushions.
The number of virus particles (nvp) was estimated by using mixtures of equal volumes of virus suspension and a suspension of latex beads (SeaKem; diameter, 234 nm; 1.1 x 1011 particles per ml; dilution, 1:100 used). Carbonated grids (400 mesh) were floated on a drop of the mixture, stained with 2% phosphotungstic acid (pH 7.0), and examined under the electron microscope (JEOLX100; magnification, x 30,000). The nvp-per-milliliter values were calculated from the relative proportions of virus particles to latex beads on the grids.
Extraction and PAGE of viral genomic RNA. When complete cytopathic effect was reached, virus-infected cell cultures were frozen and thawed three times, cellular debris were pelleted by low-speed centrifugation (1,500 x g for 10 min), and 0.5-ml aliquots of the supernatant were used for extraction VP6 GENE REARRANGEMENT IN ROTAVIRUSES 1683 of double-stranded RNA followed by polyacrylamide gel electrophoresis (PAGE; 10% polyacrylamide gels) as described previously (29) . The RNA in gels was visualized by silver staining (13 (Fig. 2) . This nonamer was also found at positions 1705 to 1713 of the rearranged RNA R6 (Fig. 2) deduced VP6 sequences, a change from proline (in N6) to glutamine (in R6) at aa position 309. This change was also found in the duplicated part of the rearranged gene at position 1422 ( Fig. 2; Table 1 ).
Direct sequencing of gene 6 PCR products of strains Lpl4 (N6), Lc4O (R6), and Lc41 (N6) confirmed that the point mutation at nt 949 was not a PCR or cloning artifact and was present only in the RNA R6 of the Lc4O strain and not in the RNAs N6 of the Lpl4 and Lc41 strains (results not shown).
Analysis of VP6 trimer stability in cells infected with rotaviruses possessing normal and rearranged RNA 6. The VP6 product of the rearranged RNA 6 strain Lc4O reproducibly migrated slightly faster than that of the normal-sized RNA 6 strains Lpl4 and Lc41 (Fig. 4) . When infected-cell proteins were separated under mild denaturing conditions, the VP6 of the virus carrying the R6 RNA (Lc4O) was not seen as a trimer, in contrast to the VP6 of the Lpl4 virus and that of the Lc41 virus, both of which possess an apparently normal-sized RNA 6. However, it is apparent that under identical conditions of mild denaturing treatment, the trimers of Lc41 show a stability intermediate between that of Lpl4 and that of Lc4O (Fig. 4) . We have therefore cloned and sequenced the whole VP6 gene of Lc41 and compared it with that of Lpl4. We found (data not shown) that the amino acids at position 309 were identical, i.e., proline, but that there was one new mutation at aa 237 (valine to isoleucine as a result of a nucleotide change at position 732 from G to A).
The VP7 components of Lpl4 virus migrated reproducibly faster than those of the Lc4O and Lc41 viruses under both conditions shown in Fig. 4 . Slight differences in the migration of the VP4 components of these viruses (Fig. 4) were not reproducible (see Fig. 5 ).
Comparative analysis of the pH sensitivity of radiolabeled VP6 trimers of purified virus particles showed (Fig. 5) that the VP6 trimers of Lc4O were less stable against decreasing pH by almost a whole pH unit than were the VP6 trimers of the Lpl4 and Lc41 viruses.
Thus, by using two methods we have demonstrated a difference in trimer stability between the mutated VP6 of the Lc40 virus and the VP6 of the Lpl4 virus.
Particle/infectivity ratios and thermal stability of strains with normal and rearranged RNAs 6. The ratios of nvp to PFU of Lpl4, Lc40, and Lc4l viruses differed considerably (Table   2 ). The early-passage 14 (Lpl4) was obviously less well adapted to tissue culture than were viruses Lc4O and Lc41 derived from passage 96; the nvp/PFU ratio of virus Lc4l (possessing a normal RNA 6) was significantly lower than that of virus Lc4O carrying the mutated VP6. The loss of infectivity after 2 weeks at 37°C was similar for Lpl4, Lc4O, and Lc4l, but heating at 50°C for 30 to 60 min clearly showed that the Lpl4 virus was less heat sensitive than both the Lc4O and Lc4l viruses isolated from passage 96 (Table 3 ). This suggests that the parameter of heat sensitivity did not critically depend on the amino acid change at position 309 of variant Lc4O, since the Lc4l virus does not have this mutation.
DISCUSSION
We have described another example of genome rearrangements in rotaviruses, in this case the RNA 6 of a lamb rotavirus. At first sight, the situation seems to be similar to that in previous reports (1, 14, 16, 34) , in that genomic segments have undergone rearrangement by a partial duplication of the gene, resulting in a longer untranslated sequence at the 3' end whereas the normal ORF was maintained.
However, several features make this a case of special interest. Whereas in previously sequenced rearranged genes the reinitiation had occurred very close to the termination codon (0 nt [34] (16) . Direct nucleotide repeats may be an important factor for reinitiation of the RNA polymerase. Duplication has been hypothesized to be due to a fallback of the RNA-dependent RNA polymerase on its template at various stages of primary transcription followed by retranscription (1) .
The position of such events seems to be related to the presence of direct repeats in the RNA undergoing transcription, possibly because of preferred base pair interactions. However, this may also occur without obvious direct repeats, because such sequences have not been found in the rearrangements described by Scott et al. (34) and Matsui et al. (25) . Different numbers of point mutations in the duplicated and normal parts of the genome have been observed: whereas Scott et al. (33) and Ballard et al. (1) found an almost exact copy of the standard gene, others (14, 16) recorded numerous point mutations. In the case described here, very few changes were seen. However, one change in the ORF of the rearranged versus the normal RNA 6 is of great interest (Table 1) : a point mutation at nt 949 (C to A) gave rise to a deduced amino acid change from proline (in N6) to glutamine (in R6) at position 309. A comparison of the region containing aa 301 to 320 in all published VP6 amino acid sequences showed that all strains except the Lc40 variant have prolines at position 309 (data not shown). The fact that the mutation at nt 949 was also seen in the duplicated part of the rearranged gene ( Fig. 2 ; Table 1 ) and in directly sequenced, independently generated PCR products rules out the possibility of its being a cloning artifact and suggests that the point mutation preceded the rearrangement event.
We observed that the product of RNA R6 migrated slightly faster than the product of the normal RNA N6 and was unable to maintain its trimeric structure under mild denaturing electrophoresis conditions (Fig. 4) . The sensitivity to acid pH of the mutated VP6 trimers was higher than that of trimers of the normal VP6 (Fig. 5) . The only deduced amino acid difference (at position 309) observed between the VP6s of Lpl4 (N6) and Lc40 (R6) was in a region of VP6 (aa 105 to 328) identified as important for trimerization by in vitro transcription-translation analysis of various deletion mutations of a VP6 gene and was also in the middle of the region (aa 251 to 397) found to be necessary for the formation of single-shelled particles (5) .
VP6 trimers of the Lc41 virus seemed to be less stable than those of the Lpl4 virus but more stable than those of the Lc40 virus (Fig. 4) . Sequence analysis of the Lc41 VP6 gene revealed a different single-point mutation at aa 237, which is also within the area of importance for trimerization (5) . Thus the data reported here have identified two point mutations in the large stretch of the VP6 gene product identified by Clapp and Patton (5), which influences trimerization to various degrees. More research is needed to clarify the contribution of single-aminoacid changes in VP6 to trimerization.
Tosser et al. (43) investigated the formation of trimers and of single-shelled virus-like particles by using baculovirus-expressed VP6 of a group C rotavirus and baculovirus-expressed VP2 of a group A rotavirus. They found that trimerization and single-shelled-particle formation were likely to be associated with certain conserved areas of VP6, namely aa 154 to 179 and 251 to 310 as well as 353 to 397, respectively. The pH sensitivity of VP6 of group C rotaviruses seems to be generally lower than that of group A rotaviruses (43) .
The lamb rotavirus with the RNA 6 rearrangement (strain Lc40 from passage 96) grew well in tissue culture, and the formation of single-and double-shelled particles clearly occurred efficiently. However, the nvp/PFU ratio of the Lc40 virus was higher than that of strain Lc4l (also from passage 96), and this could suggest greater lability in vivo. The reduction in virus titer after storage at 37°C for 2 weeks was similar for all three strains. However, heating at 50°C for 30 to 60 min showed that the infectivity of the Lpl4 virus was more stable than that of both the Lc40 and Lc41 viruses. Strains Lc4O and Lc41 both have single-amino-acid mutations within the VP6 trimerization region (5), which could potentially be involved in their reduced thermal stability. However, the observed difference in migrations of the VP7 products of the Lpl4 compared with the Lc4O/Lc4l viruses suggests sequence differences which could also possibly contribute to a difference in heat stability. So far we have sequenced the VP7 and VP4 genes of the Lpl4 virus only (36) ; sequencing of the VP7 and VP4 genes of the Lc4O and LC41 viruses is planned. A single point mutation in VP7, one of the inner-shell (core) proteins of bluetongue virus, has recently been found to prevent the formation of core-like particles (24) .
It has been reported previously that serial passage of rotavirus at high MOI favors the occurrence of rearrangements (20) . A virus isolate obtained from these experiments (brv A) has recently been investigated further. Hua and Patton (19) found that a rearranged gene (derived from RNA 5) carries a premature stop codon point mutation in the normal ORF, giving rise to an abrogated protein product. Thus rearrangements and point mutations, two different mechanisms of genome evolution, can occur in combination. Conditions favoring rearrangements (serial passage at high MOI [20] ) may also favor the emergence of point mutations.
